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ABSTRACT: Hydrate-based technology has emerged as a promising approach to address the industry’s energy demands and
product quality challenges in the food industry. Despite reported successes in the literature where higher dehydration ratios were
achieved, technological problems like slow formation rates and poor process scale-up economics need to be addressed. Moreover,
with little hydrate formation data available, the major focus is on the technology’s ability to remove water content, but studies on the
kinetics of hydrate formation are scarce. In the present work, the effects of varying grape/pineapple/bitter melon juice water cuts
(88.5 to 97.4 ± 2.53 wt %) on the formation kinetics of carbon dioxide (CO2) hydrates were investigated. Such information can
provide insight into the possibile commercialization of the hydrate-based technology. The reported experimental data were
determined using the isochoric pressure-search method in a high-pressure reactor at a target initial temperature from 274.15 to
276.15 K and varying initial pressures. Kinetic parameters were calculated using the relative kinetic models proposed in the literature.
Lower relative values of investigated kinetic parameters and longer induction times were obtained at lower juice water cuts and lower
degrees of subcooling. Despite observed inhibition effects, the study provides useful experimental and modeled kinetic data for filling
the knowledge gap in understanding the controlling mechanism of CO2 hydrate formation. Therefore, it is believed that the reported
findings may highlight some important practical aspects related to CO2 hydrate technology as an alternative juice concentration
process.

1. INTRODUCTION
Sustainable and smart nation development requires energy as a
critical resource. In the next 20 years, the global energy
demand is projected to increase by about 27%, and more fossil
fuel resources will be needed for energy supply.1,2 Meanwhile,
the most significant challenge for industries is currently the
decline in available fossil fuel reserves. Moreover, as the global
energy demand is expected to increase, the impact of
greenhouse gases will also increase. Therefore, the greenhouse
effect, diminishing fossil fuels, and increased energy demands
are pervasive global challenges due to the growing global
population. This has increased the demand for agricultural
commodities and industrial products. The aforementioned
global challenges are becoming more severe and have drawn
more attention in different sectors in the past decades.3−5

While the depletion of fossil fuel reserves is observed, carbon
dioxide emitted by burning fossil fuels for energy purposes is

the most prevalent contributor to the greenhouse effect. Even
with cost-competitive renewable energy sources, fossil fuels will
continue to supplement the energy supply. Furthermore,
rapidly developing countries do not appear to be particularly
interested in reducing their use of relatively cheap coal
reserves. Based on projections, fossil fuels will likely dominate
energy mix worldwide for a long time, and renewable energy
sources will have difficulties to fully gain a substantial share of
the global market.6,7 Even in the context of the coronavirus
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disease (COVID-19) pandemic having caused a shock to the
overall energy demand driven by a decline in commercial and
industrial activities, carbon emissions kept on increasing.2,8 In
addition, due to the global economy shutdown, this COVID-
19 outbreak has significantly increased the unemployment rate
to 34.9% in South Africa, leading to energy poverty.9−11

Therefore, for these reasons, researchers seek alternative
methods to reduce carbon emissions while protecting
consumers’ basic energy needs. Addressing both energy
inefficiency and CO2 emissions represents an integrated
approach in developping state-of-the-art innovative technolo-
gies.1,12,21−30,13−20 As for the fruit processing industry, carbon
dioxide hydrate-based juice concentration has become
increasingly popular as a novel approach for carbon dioxide
reuse (i.e., reduction of CO2 emissions) and energy savings.

Nowadays, the food industry utilizes freeze concentration as
an alternative to evaporation to remove water from heat-
sensitive solutions and preserve bioactive contents. Concen-
tration via hydrate formation is similar to freeze concentration
such that the ice formation step is replaced with gas hydrate
crystal formation in the former technology. The principle
behind both processes is that the components of juice, except
water, are not involved in the crystal structure of either ice or
gas hydrates. The freeze concentration process is very energy-
intensive in the food industry as it relies on temperatures
below the water freezing point. However, energy requirements
in gas hydrate-based technology are moderate since gas
hydrates can be formed above the water freezing point.
Therefore, to conserve energy without destroying bioactive
components in liquid foods such as juices21,22,34,23−26,28,31−33

and coffee,29,35,36 it is feasible to incorporate high concen-
trations of CO2 into liquid foods and effect water removal
through a hydrate-based technology. Hence, CO2 hydrate-
based technology in the food industry has emerged as a green
solution to guarantee stable and sustainable renewable energy
utilization.

Although the hydrate-based concentration technology offers
energy conservation and preservation benefits in the fruit juice
concentration industry, its commercialization associated with
industrial-scale production is not yet effective. This does not
come as a surprise when it appears that thermodynamic and
kinetic data relevant to hydrate-forming systems in the
presence of fruit juices are scarce. Such data are instrumental
in designing and optimizing industrial processes. The present
experimental study was initiated to provide new experimental
data from which insight can be gained into the interplay
between hydrate formation kinetics and juice water contents. It
was reported in previous studies that gas hydrate formation
depended on juice composition, the mixing of the phases, and
system geometry.21,25,37 Kinetic studies entail determining key
kinetic parameters of hydrate formation, including storage
capacity, apparent rate constants, water-to-hydrate conversion,
gas consumption, and rates. These kinetic parameters of gas
hydrate formation are of interest in fully assessing the proposed
concentration process of gas hydrates in vew of its future

commercialization. Well-known kinetic models proposed by
Englezos et al.38 were used in this study to determine these
kinetic parameters. Based on the crystallization theory,38 these
kinetic models were developed to calculate the difference
between the fugacity of the gas species in the hydrate and
vapor phases. This is the driving force for gas hydrate
formation.

Concretely, experimental kinetic data under hydrate
formation conditions have been reported for three different
systems containing carbon dioxide, water, and grape/pine-
apple/bitter melon juices. The effects of grape/pineapple/
bitter melon juice water cuts on experimentally obtained
induction time and calculated kinetic parameters have been
examined at various initial temperatures and pressures.

2. EXPERIMENTAL SECTION
2.1. Materials. Ultrapure Millipore-Q water, fruits, and

carbon dioxide (CO2) were used for the present study. The
laboratory-obtained water with an electrical resistivity of 18.2
MΩ cm at 298.15 K was used for this experiment. Table 1
contains additional information about these two chemicals.

Afrox (South Africa) provided CO2 gas with a minimum
mass fraction of 99.99%, and raw fruits (grape, pineapple, and
bitter melon) were purchased from Food lovers supermarket in
KwaZulu-Natal (South Africa, Durban). Fresh juice was
extracted from these fruits by carefully crushing them; the
characteristics of their compositions are given in Table 2,
which will be discussed further in the Results and Discussion
section.

Table 1. CAS Registry Number and Purity of the Chemicals

component CAS reg. no. supplier mass fraction

conductivityb/μS cm−1

measurement methodthis work literature32

water 7732-18-5 authors’ laboratory 0.055 0.055 conductivitymeter
carbon dioxide 124-38-9 Afrox, South Africa >0.999a none

aPurity provided by Afrox. bAt 298.15 K.

Table 2. Composition of Investigated Bitter Melon, Grape,
and Pineapple Juicec

proximate quantity (mean ± SD, mg/100 g)

water contenta 96.5 ± 2.53d 97.4 ± 2.53d

88.5 ± 2.53e 91.4 ± 2.53e

91.1 ± 2.53f 93.3 ± 2.53f

total solidsa 3.5 ± 0.02d 2.6 ± 0.02d

11.5 ± 0.02e 8.6 ± 0.02e

8.9 ± 0.02f 6.7 ± 0.02f

total asha 0.386 ± 0.043d 0.307 ± 0.043d

0.263 ± 0.043e 0.217 ± 0.043e

0.216 ± 0.043f 0.168 ± 0.043f

lipids 2.3 ± 0.01d 1.83 ± 0.67d

5.93 ± 0.67e 4.78 ± 0.67e

7.81 ± 0.01f 5.85 ± 0.67f

pHb 4.31 ± 0.01d 4.42 ± 0.01d

3.92 ± 0.01e 4.42 ± 0.01e

3.72 ± 0.01f 4.12 ± 0.01f

ascorbic acid (vitamin C) 68.58 ± 3.16d 53.81 ± 3.16d

18.55 ± 0.92e 13.45 ± 3.16e

15.4 ± 0.87f 11.95 ± 3.16f

aExpressed as (wt %). bExpressed as the pH scale. cAOAC
International.39 dBitter melon juice. eGrape juice. fPineapple juice.
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The preparation of juice solutions with an uncertainty level
of ±0.5 mL gravimetrically was conducted using an accurate
analytical balance, model AS220/C/2 (provided by RAD-
WAG, Poland) having an uncertainty of ±0.0001 g in mass.
2.2. Apparatus. In this study, a high-pressure equilibrium

cell was used. A 100 mL stainless-steel container made from
stainless steel (SS 316L) was supplied by Büchi, Switzerland. A
nickel−chromium−iron−molybdenum alloy is hydrophobi-
cally coated on the inside of the cell, making it capable of
withstanding temperatures and pressures up to 473.15 K and
10 MPa, respectively. The liquid bath and system temperatures
were measured with a four-wire Pt-100 thermocouple
(supplied by Grant Instruments, United Kingdom), with an
error of ±0.3 K. An inside pressure of the high-pressure
equilibrium cell was measured with a pressure transducer
(supplied by ESI Technology of the United Kingdom), with an
uncertainty of 0.25% of full scale. A magnetic stirrer bar was
used with a capacity of 1000 RPM to stabilize the
thermodynamic equilibrium quickly and ensure thorough
mixing of contents. A temperature-control unit, designated
LTC4 (supplied by Grant Instruments, United Kingdom), was
composed of a TX150 Optima circulation bath and an R4
storage tank and refrigeration unit. A liquid bath and system
temperature were set and controlled with this device. An
aqueous solution of glycerol water served as the cooling
solution. The cell is vacuumed to remove any trapped air
(supplied by Gardner Denver, United States). In SquirrelView
software, pressure and temperature data at particular intervals
were monitored using the apparatus connected to a Grant
Instruments Data Acquisition Unit (SQ2020-1F8). Figure 1
shows a schematic diagram of the experimental setup utilized
in this study.

3. EXPERIMENTAL METHODS
3.1. Kinetics of Hydrate Formation Measurements. In

this study, for this thermodynamic measurement, the same
experimental method and experimental procedure used in the
literature as described by Sloan and Koh,40 Tumba et al.,41 and
Fakir et al.42 for hydrate measurements were used. However,
the primary purpose for these measurements was to estimate
the effect of each parameter used (i.e., initial temperature and
pressure as well as fruit juice concentration) and identify the
hydrate formation and growth rate, storage capacity, mole
consumption, apparent rate constant, and water-to-hydrate
conversion during the hydrate formation.

In these measurements, the system for each run was washed
vigorously to eliminate any remaining fruit juice sample from
previous kinetic measurements, and a fresh fruit juice sample at
selected concentration was used. The equilibrium cell was
cleaned with soapy liquid and repeatedly rinsed with ultrapure
Millipore water. Then, the system was soaked with methanol
or ethanol for 30 min. After this, the cell was rinsed with
acetone to ensure that it was dry before each experimental run.
After cleaning, the equilibrium cell cover plate was tightened to
ensure proper seal before being pressurized and was connected
to the monitoring system. Then, a vacuum pump was used to
evacuate the cell for approximately 30 min to a pressure of
0.00025 MPa. After this, the appropriate quantity (40 mL with
an uncertainty level of ±0.5 mL) of the fruit juice sample
freshly prepared was injected into the equilibrium cell. Again,
the equilibrium cell was evacuated to eliminate any presence of
air for 5 min. Afterward, the equilibrium cell was submerged
into the temperature-controlled liquid bath set for the desired
initial temperature to cool the equilibrium cell for at least 45 to
90 min depending on the liquid sample to ensure that the
equilibrium temperature was achieved.

When the system temperature stabilizes, the equilibrium cell
was purged by slowly pressurizing with CO2 to 0.5 MPa. Then,

Figure 1. Schematic diagram for the high-pressure equilibrium apparatus. A, magnetic stirrer; B, neodymium magnet stir bar; C, high-pressure
equilibrium cell; D, cooling coil; E, thermos-statted bath; F, gas cylinder; G, pressure regulator; H, vacuum pump; I, vent valve; J (1 or 2),
temperature probe (Pt-100); K, needle valve for loading; L, relief valve; M, LTC4 unit; N (LTC4 unit), built-in circulating bath; O, circulating
thermostat; P, data acquisition system; Q, computer; R (1,2 or 3), shut-off valve; S (1 or 2), pressure transducer.
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the cell was vented completely. This cycle was repeated at least
three times to prevent residual air contamination. The cell was
then pressurized slowly with CO2 to a desired initial pressure
within the hydrate stability zone. During CO2 injection, the
dissolution of warm CO2 in water causes a slight increase in
the system temperature. After pressurizing the cell, the
pressure-regulating valve was closed, and the magnetic stirrer
was switched on and set at a speed of 500 rpm to agitate the
phase inside the equilibrium cell. Then, the system temper-
ature decreases steadily to the set temperature. The system
temperature and pressure were monitored and recorded by a
data acquisition connected to a computer installed with the
SquirrelView software for display until an equilibrium
condition was reached. Since heat energy is released
(exothermic process) during hydrate formation, the nucleation
point was detected by a spiked system temperature (in both
the interphase and the liquid), depicted in Figure 2. Then, as

the hydrate was formed, CO2 was encapsulated (hydrate
growth) inside the crystals, causing the cell pressure to drop
sharply. The system was left until a stable temperature and
pressure were observed after the hydrate growth.

In order to shut the system down after the pressure
stabilizes, the data acquisition was stopped, and the stirrer, the
temperature controller, and the bath were turned off. Next, the
cell was disconnected from the data acquisition system,
removed from the liquid bath, and placed in a fume hood.
The gas accumulated inside the cell was slowly released
through the vent, and the contents were discarded. Finally, the
cell was cleaned as described above. All measurements were
repeated twice to ensure that the reported results were
reproducible and accurate, and the uncertainty of the induction
time reported is ±1 min.

4. THEORY
4.1. Kinetic Models. In this study, kinetic parameters were

empirically determined, including the rate of hydrate
formation, storage capacity, apparent rate constant, water-to-
hydrate conversion, and gas consumption. The kinetic models
developed by Englezos et al.38 were used and are well
described in Sloan and Koh’s literature.40 For the formation of
CO2 gas hydrates in juice systems investigated, the following

equation describes the physical reaction between water and
CO2 gas:

n nCO H O CO H O2 2 2 2+ · (1)

where n denotes the hydration number calculated by utilizing
the following equation for structure I.40

n 46
6 2L S

=
+ (2)

where θL and θS denote the fractional occupancy and
indicators of L and S, which represent large and small cavities,
respectively. In this study, the model parameters for the
Langmuir constants for CO2 gas were determined using the
Parrish and Prausnitz43 equation, as shown below:

i
k
jjjj

y
{
zzzzC

A

T

B

T
expij

ij ij=
(3)

where Aij and Bij are adjustable adsorption parameters found
for different hydrate formers in the open literature.43

According to Chen and Guo,44 the following equation is
used to calculate the fugacity of gas species in the vapor phase:

f f (1 )g
o= (4)

1

2
=

(5)

where f denotes species’ fugacity in equilibrium with the vapor
phase, while subscript “o” represents its fugacity in equilibrium
with the unfilled initial hydrate phase. According to this
equation, the symbols “λ1” and “λ2” denote the number of
related cavities per water molecule and the number of gas
hydrate formers per water molecule, respectively. These
assumptions, α′ in eq 5, lead to 1/3 and 2 for structures I
and II, respectively.44 Using eq 6, one can calculate the fugacity
of a gas molecule in equilibrium with a basic unfilled hydrate:

f f T f P f a( ) ( ) ( )o o o o
w= (6)

where

i
k
jjj y

{
zzzf T A B

T C
( ) expo =

(7)

i
k
jjj y

{
zzzf P A

P
T

( ) expo =
(8)

V
R2

=
(9)

f a( ) 1o
w = (10)

T and P in the above equations are in K and Pa, respectively. In
eq 7, the A, B, and C parameters represent the Antoine
constants for the hydrate former.44 For structure I, the β′
parameter is equal to 0.4242 × 10−5 (K/Pa), and for structure
II, it is equal to 1.100224 × 10−5 (K/Pa).44 According to
Langmuir’s adsorption theory, the θ parameter can be
calculated as follows:

C f

C f1i
i

i

g

g

=
+ (11)

Figure 2. Pressure and temperature traces during the hydrate
nucleation and growth at a constant temperature and initial pressure
of 276.15 and 3.9 MPa in grape juice having 50.0 vol % of Millipore
water added. As can be seen in photograph (i), the hydrate formed by
the experiment.
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where Ci indicates the Langmuir constant previously
determined (eq 3) and fg is the fugacity of gas in the vapor
phase. In order to calculate the amount of gas consumed
through clathrate hydrate formation, the real gas law is used as
follows:42,45

n
P V

Z RT
PV

Z RT
t t

t t
g

0 0

0 0
=

(12)

where P, T, and V signify the pressure, temperature, and
volume of gas inside the high-pressure equilibrium cell. For
each time value of 0 and t, the subscripts indicate the
equilibrium conditions at that time. In eq 4, SRK EoS is used
to estimate the compressibility factor, Z, of the guest’s
molecule.45 Based on the following equation,46 the gas volume
inside the cell, Vt, at time t can be estimated:

V V V V Vt cell S RW Ht to
= + (13)

where Vcell represents the cell’s total volume, which is 100 cm3,
and VSo represents the volume of the aqueous solution, which
is 40 cm3. Then, the volume of solution or water reacted, VRWt,
at a time t is estimated using the following equation:46

V n n vRW g w
L

i
= × × (14)

where vw
L represents the molar volume of water in the cell,

which can be calculated by the following expression:38,46

v

T

T

18.015 1 1.0001 10 1.33391 10

(1.8( 273.15) 32) 5.50654

(1.8( 273.15) 32) 10

w
L 2 4

2 3

= × × + ×

× + +

× + ×
(15)

where T and vw
L are in K and m3/mol, respectively. The molar

volume, VHt, of the hydrate at time t, is calculated as follows:46

V n n vH g w
MT

i
= × × (16)

where T is in K, P is in MPa, and vw
MT is the volume of the

empty hydrate lattice. According to Klauda and Sandler47 and
Dharmawardhana et al.,48 the following equations can be used
to calculate molar volume (vw

MT) in structure I’s empty
hydrate lattice phase:

i
k
jjjjj

y
{
zzzzz

v T T

N
P P

(17.13 2.249 10 2.013 10 )

10
46

8.006 10 5.448 10

w
MT 5 6 2

30
A 9 12

= + × + ×

× × + ×

(17)

where NA is Avogadro’s number and vw
MT, T, and P are in m3/

mol, K, and MPa, respectively. Water-to-hydrate conversion
(known as a mole of water per moles of feed solution) is
calculated as follows:

n n

n
water to hydrate conversion

g

wo

=
×

(18)

The storage capacity of gas hydrates is defined as the volume of
gas they can store under standard pressures and temperatures.
The equation (eq 19) for calculating the storage capacity of
hydrate formers during hydrate formations46 is used as follows:

V
V

n RT P

V
SC

/STP

H

g STP STP

H
= =

(19)

where subscript STP stands for the standard conditions, and
VH is the molar volume of hydrate formation, which is
calculated using eq 16. As a result of the formation of gas
hydrates, the following equation is used to estimate the rate of
gas consumption:38,46,49

r t
n n

t t n
k f f( )

( )
( )

i i

i i
t

g, 1 g, 1

1 1 w
app

g g
equilib. i

o

= =+

+ (20)

Table 3. Experimental Kinetic Results of Hydrate Formation in the Presence of Bitter Melon Juicea

WCb/(wt %) Texp
c/(K) ΔTexp

d/(K) Pexp
e/(MPa) ITf/(min) SCg/(v/v) FMGCh mmole FWHCi/(%) Kapp

j × 109 HFRk × 103

96.5 274 4.09 2.9432 783.58 128.95 0.023 27.60 18.5 4.12
4.65 3.2371 292.08 145.57 0.027 32.40 20.5 11.5
4.83 3.3293 97.75 162.85 0.029 34.80 21.1 13.3

275 3.45 3.1131 892.92 109.61 0.023 27.39 17.6 7.70
4.15 3.5063 301.33 127.29 0.027 31.81 20.0 12.6
5.05 4.0739 115.08 133.59 0.028 33.38 23.4 22.2

276 2.75 3.2826 890.25 86.91 0.018 21.72 17.2 3.18
3.15 3.4736 556.92 113.19 0.024 28.28 18.3 9.71
3.65 3.7934 183.01 121.82 0.025 30.46 20.0 11.3

97.4 274 5.15 3.0533 83.92 135.35 0.028 50.4 18.8 12.6
6.05 3.4888 46.25 83.43 0.038 68.4 21.7 18.9
6.45 3.7120 4.58 101.36 0.041 73.76 23.1 26.4

275 3.75 2.8968 115.42 105.54 0.022 39.56 17.4 8.16
4.91 3.3897 71.08 158.22 0.033 59.31 20.5 16.9
5.75 3.9080 12.08 197.94 0.008 14.22 23.9 22.6

276 2.75 2.8916 1167.67 93.52 0.018 27.28 14.1 5.04
3.34 3.1375 443.25 109.28 0.023 40.96 15.4 7.41
4.25 3.5720 184.17 158.47 0.033 59.4 17.7 13.4

100 275l 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102
276m 2.65 3.0600 49.90 0.042 26.90 3.57 11.0

aStandard uncertainty: u(T) = 0.08 K, u(P) = 0.0234 MPa. bWater content. cInitial temperature. dDegree of subcooling. eInitial pressure.
fInduction time. gStorage capacity. hFinal moles of gas consumed per moles of water. iFinal water-to-hydrate conversion (mole%). jApparent rate
constant. kHydrate formation rate. lMohammadi et al.46 mAbedi-Farizhendi et al.29

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01983
ACS Omega 2022, 7, 44591−44602

44595

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In eq 20, ni−1 and ni+1 represent the number of gas molecules in
the vapor phase at a time equal to ti−1 and ti+1, respectively,
where nw0 is the initial number of water molecules in the liquid
phase, which is estimated using the initial volume of water (40

cm3 in this study). According to this study, kapp (the apparent
rate constant of reaction during hydrate formation) is another
parameter described. This parameter is estimated using the
equation below.46

Table 4. Experimental Kinetic Results of Hydrate Formation in the Presence of Grape Juicea

WCb/(wt %) Texp
c/(K) ΔTexp

d/(K) Pexp
e/(MPa) ITf/(min) SCg/(v/v) FMGCh FWHCi Kapp

j × 109 HFRk × 103

88.5 274 5.15 3.3338 458.05 143.30 32.27 0.029 16.3 25.1
5.85 3.6529 90.17 157.10 38.20 0.032 18.5 28.4
5.85 3.6680 47.92 158.39 39.10 0.033 18.6 29.1

275 3.25 2.9690 1269.92 105.51 26.36 0.022 12.6 16.3
4.55 3.5651 507.42 133.26 32.01 0.028 16.3 25.7
4.75 3.6282 287.92 140.21 33.32 0.029 16.7 27.1
5.25 3.8767 122.33 144.70 35.73 0.030 18.2 28.1
5.35 3.9391 53.08 155.08 39.01 0.031 18.7 29.4

276 2.65 3.1126 1820.33 98.50 24.61 0.021 12.2 14.2
3.65 3.5736 1193.1 110.91 27.72 0.023 14.8 19.4
4.25 3.9184 882.75 151.63 37.89 0.032 16.8 25.2

91.4 274 2.75 2.1382 23.75
4.75 2.8866 16.08
6.75 3.8245 11.17
6.75 3.8342 6.67
7.15 4.1001 2.92

275 4.17 3.0795 990.25 126.77 47.52 0.026 14.7 20.3
4.95 3.4774 308.67 141.95 64.80 0.036 17.4 29.3
5.05 3.5146 191.08 152.18 66.60 0.037 17.7 31.4
5.15 3.5451 146.75 157.48 68.40 0.038 17.9 32.7

276 3.15 3.0321 425.86 113.84 42.67 0.024 13.0 16.7
3.87 3.4129 342.92 140.91 52.82 0.029 15.4 22.2
4.15 3.4983 298.33 160.28 60.08 0.033 15.9 24.2
4.54 3.7202 71.5 174.51 65.41 0.036 17.3 26.7

100 275l 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102
276m 2.65 3.0600 49.90 0.042 26.90 3.57 11.0

aStandard uncertainty: u(T) = 0.08 K, u(P) = 0.0234 MPa. bWater content. cInitial temperature. dDegree of subcooling. eInitial pressure.
fInduction time. gStorage capacity. hFinal moles of gas consumed per moles of water. iFinal water-to-hydrate conversion (mole%). jApparent rate
constant. kHydrate formation rate. lMohammadi et al.46 mAbedi-Farizhendi et al.29

Table 5. Experimental Kinetic Results of Hydrate Formation in the Presence of Pineapple Juicea

WCb/(wt %) Texp
c/(K) ΔTexp

d/(K) Pexp
e/(MPa) ITf/(min) SCg/(v/v) FMGCh FWHCi Kapp

j × 109 HFRk × 103

91.1 274 6.25 3.1963 137.08 132.97 0.033 33.23 17.5 11.7
7.35 3.7980 52.83 165.49 0.041 41.35 21.1 12.8
7.55 3.9086 4.00 173.46 0.043 43.34 21.7 18.4

275 6.05 3.5764 405.15 136.84 0.034 34.20 17.8 14.3
6.45 3.8021 139.67 145.82 0.036 36.44 19.0 16.8
6.95 4.1672 20.08 166.90 0.042 41.71 20.9 20.7

276 4.75 3.4405 581.67 120.72 0.030 30.16 15.4 7.66
5.25 3.6976 193.83 131.86 0.033 32.95 16.7 19.1
5.85 4.1011 34.33 151.30 0.039 38.92 18.6 21.1

93.3 274 5.55 3.1663 129.08 175.00 0.035 62.84 14.8 12.5
6.35 3.5995 97.58 184.55 0.041 73.23 17.0 23.1
6.45 3.7277 28.67 193.73 0.043 76.87 17.6 25.3

275 4.05 2.9725 470.57 154.34 0.032 57.85 15.2 9.21
4.95 3.4297 396.92 172.05 0.036 64.49 17.7 1.6
5.45 3.6157 129.17 183.41 0.038 68.75 18.7 20.8

276 3.35 3.1082 643.92 123.93 0.028 46.45 14.5 6.5
4.75 3.7869 330.42 135.45 0.027 50.75 18.0 18.9
4.85 3.8697 242.50 136.35 0.025 51.11 18.3 21.7

100 275l 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102
276m 2.65 3.0600 49.90 0.042 26.90 35.7 11.0

aStandard uncertainty: u(T) = 0.08 K, u(P) = 0.0234 MPa. bWater content. cInitial temperature. dDegree of subcooling. eInitial pressure.
fInduction time. gStorage capacity hFinal moles of gas consumed per moles of water. iFinal water-to-hydrate conversion (mole%). jApparent rate
constant . kHydrate formation rate. lMohammadi et al.46 mAbedi-Farizhendi et al.29
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5. RESULTS AND DISCUSSION
5.1. Experimental Results and Analysis on the

Kinetics of Hydrate Formation. 5.1.1. Time of Carbon
Dioxide Hydrate Formation (Induction Time). A total of 60
hydrate formation experiments were carried out at initial
pressures ranging from 2.1382 to 4.8731 MPa and constant
temperatures from 274.15 to 276.15 K in three juice-
containing systems (system 1: CO2 + grape juice; system 2:
CO2 + pineapple juice; system 3: CO2 + bitter melon juice),
with pure and dilute fruit juice concentration. All measure-
ments were repeated twice to ensure that the reported results
were reproducible and accurate. The uncertainty of the
reported induction time is ±1 min. The experimental results
are provided in Tables 345. It should be noted that hydrate
formation times were calculated by averaging two measure-
ments under identical conditions. It was observed that the
required hydrate nucleation time depended on temperature
and pressure. Laboratory hydrate dissociation data measure-
ments revealed that hydrate formation was a time-consuming
phenomenon, an indication of its energy-intensive nature.
Therefore, in the context of techno-economic analysis, hydrate
formation time can be regarded as the main factor ensuring the
financial viability of the proposed technology. Thus, this factor
is so crucial that excluding it may lead to inaccurate models for
the design and optimization of hydrate-based fruit concen-
tration processes. It is vital in understanding the kinetics and
mechanisms to form gas hydrates for newly investigated
systems.

In this study, the hydrate formation time varied from
seconds to days due to the complex nature of the hydrate
formation process.40,50 This induction time is determined
between gas injection and the occurrence of the nucleate
incipient.40 This occurs due to a dramatic drop and abrupt
increase of the system pressure and temperature. This quick
temperature increase is due to the heat released when the
supersaturated metastable state is suddenly broken. Tables
3−5 report the average induction time values with other
pertinent data for newly investigated systems obtained from
experimental kinetics of hydrate formation measurements
carried out at constant initial temperatures of 274.15 to
276.15 K and different initial pressures ranging from 2.80 to
4.10 MPa.

As reported in Tables 3−5, it can be seen that the incipient
hydrate time relied on numerous factors, including initial
pressure and temperature, subcooling temperature, juice
residuals, water cuts, and system geometry. Therefore, results
obtained in this study for investigated systems did not
accurately match. This signified that replication of results
obtained from one system is not possible. All investigated
systems seem to provide better stability gain at higher
pressures and temperatures. The assessment of these factors
on induction time is discussed later in this paper.

5.1.2. Effect of Initial Pressure and Temperature on
Induction Time. Initial conditions (pressure and temperature)
were selected in the hydrate stability zone to ensure the
clathrate hydrate formation. Before the initial hydrate
formation, the hydrate pressures’ signal shifts (up to ±0.05
MPa) were observed. Induction times varied significantly with

experimental conditions. As observed in Tables 3−5, induction
times for the new systems investigated in this study are shorter
at high initial pressures. This is understandable as high initial
pressures correspond to high degrees of subcooling.

During the dissolution stage between gas injection and the
occurrence of nucleation, the pressure was observed to drop,
indicating that a large amount of CO2 was dissolved in the
juice system. This was followed by a sudden pressure drop and
a sharp temperature increase, indicating the onset of CO2
hydrate nucleation. It was also observed that clathrate hydrate
nucleated immediately once the agitation was initiated at
higher degrees of subcooling. This is due to the fact that the
liquid phase was quickly converted to the bulk hydrate. The
hydrate formation rate increased as the initial pressure was
increased. This indicates that at higher initial pressures, the
mass transfer resistance in the liquid phase is lower due to an
increased driving force for the hydrate formation reaction,
resulting in rapid hydrate formation.

When the equilibrium pressure is attained, a condition such
that the hydrate is no longer formed, the pressure drop
observed in Tables 3−5 may be related to hydrate formation.
As it can be seen, increasing the initial pressure and the degree
of subcooling as driving forces of the hydrate formation has
decreased the pressure drop. This observed behavior may be
attributed to the high solubility of CO2 at a high pressure,
which compels the liquid phase to accommodate a limited
number of additional CO2 molecules prior to conversion into
hydrates. However, an opposite trend was observed when the
system temperature was decreased, leading to a decrease in
CO2 solubility in water and an increased pressure drop. Grape
juice exhibited the highest hydrate formation rate, in which
more gas in the same period is consumed than pineapple and
bitter melon juices.

On the other hand, an increase in the system temperature,
which amounts to a decrease in subcooling, results in a further
reduction of the induction times. This indicates that it is
difficult for the carbon dioxide hydrate to be formed at higher
temperatures; the higher the induction time, the slower the
hydrate formation rate. However, at lower temperatures, the
system reaction time was shortened. This is due to the system’s
heat transfer resistance, which becomes smaller and enhances
the reaction to occur and proceeds rapidly, which conforms to
the formation law of hydrates. It appears that favorable
conditions for improved kinetics are characterized by low
temperatures and high pressures. Under these conditions,
energy costs are expected to be exorbitant. Hence, the need to
assess the combined effect of these two important factors as a
step toward process optimization. This assessment was carried
out in the literature by determining the difference between the
fugacity (chemical potential) of the guest gas in the hydrate
phase and the vapor phase as an alternative driving force.51 It is
discussed later in this paper.

5.1.3. Effect of Water Content on Induction Time. As
shown in Tables 3−5, the hydrate formation time was slightly
higher for pure juices than that of diluted juices. The high
solubility of carbon dioxide reduces the disruption of water−
gas interactions due to juice components. In clear terms, due to
their very low concentration in water as compared to CO2,
juice components have no significant effect on hydrate
formation time. This observed increase in induction time
was expected. It is consistent with the reported inhibition
mechanism attributed to the perturbation of water�the
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increase in inhibition effects of investigated systems on hydrate
formation, resulting in a less pressure drop.

Regarding effectiveness as kinetic hydrate inhibitors, grape
juice inhibits the hydrate formation less notably than pineapple
and bitter melon juice by presenting the shortest induction
time for the studied conditions. This tendency is followed by
pineapple and bitter melon juice. More hydrates were formed
for juice systems with the highest initial quantity of water
addition (91.1, 93.3, and 97.4 wt %). Moreover, considerable
delays in the induction time values were observed for pure
juice samples (88.5, 91.1, and 96.5 wt %). Conversely, a
comparison between diluted (91.4, 93.3, and 97.4 wt %) and
pure juice samples (88.5, 91.1, and 96.5 wt %) revealed that
the induction time values of the 91.4, 93.3, and 97.4 wt % juice
samples were faster. This was expected since the inhibiting
effects were weakened.
5.2. Impact of Initial Conditions on Kinetic Parame-

ters of Formation for Carbon Dioxide Hydrates.
5.2.1. The Rate of Hydrate Formation and Growth with
Different Water Cuts. In this study, the hydrate formation rate
for each investigated system was measured as a kinetic
parameter for hydrate formation. The effect of initial pressure
conditions at different concentrations of investigated juices on
the amount of gas consumed at constant temperatures is listed
in Tables 3−5 and plotted in Figures S1−S3 (Supplementary
Material), allowing easier visualization.

The hydrate formation rate or growth experiments with or
without water addition indicated the impact of inhibiting
effects reported in previous sections. The inhibition effects
were observed with investigated systems at temperatures
274.15 to 276.15 K and varying system pressure. For all
investigated systems at each constant temperature, it was
observed that the maximum hydrate formation rate occurred at
the beginning of the hydrate formation stage, and then, the rate
decreased. This observed behavior may be interpreted by
considering two factors. As the gas molecules increase and
become clustered inside the hydrate cavities, they cause a
significant reduction of CO2 gas in the vapor phase. Second, as
hydrate formation takes place in a closed system, water
consumed during this process causes the high-concentration
CO2 gas to diffuse faster from saturated vapor to a hydrate-
forming phase, resulting in a significant decrease of pressure.
This reduction in pressure increased the rate of hydrate
formation.

Figures S1−S3 show that the hydrate formation rate
increased with the increasing system pressure. However, a
reverse effect on the rate of hydrate formation was observed for
the system temperature. This is due to a decreased degree of
subcooling of hydrates. Thus, the formation rate decreases
accordingly. Moreover, the best results were obtained at a
higher degree of subcooling for juice systems with added water
compared to pure juice. This observed behavior could be due
to an increased surface tension of water caused by increased
CO2 solubility in water. This was observed in all investigated
juice systems. Notably, the change in experimental conditions
indicated is indistinguishable in all appended figures.

5.2.2. The Amount of Gas Consumption and Rate of Gas
Uptake with Different Water Cuts. The gas consumption rate
for each investigated system was experimentally determined as
a kinetic parameter for hydrate formation. This kinetic
parameter was used to study the hydrate growth process
using a kinetic model proposed by Englezos et al.38 The effect
of initial pressure conditions at different concentrations of

investigated juices on the amount of gas consumed at constant
temperatures is shown in Tables 3−5 and plotted in Figures
S4−S6 (Supplementary Material), allowing easier visualization.

As it can be seen in these figures, the CO2 consumption rate
increased with the initial pressure at a constant temperature in
all three systems. At an increased initial pressure, the
metastable state is broken in which CO2 gas is consumed
rapidly, leading to a fast decrease of pressure until an
equilibrium state is reached.

Moreover, these tabulated data demonstrated that the
enormous gas consumption was obtained at higher subcooling,
while the lowest was obtained at lower subcooling. On the
other hand, raising the system temperature from 274.15 to
276.15 K, which correlates with a reduction in subcooling,
resulted in a slight increase in hydrate nucleation time and the
lowest gas consumption rate. This indicates the strong
influence of system temperature, suggesting that higher
temperatures (e.g., 276.15 K) may not be used without losing
efficiency. At this temperature, for practical application, it was
observed that the CO2 gas consumption rates are enhanced
when higher pressure values are used. Therefore, due to the
high-pressure requirements needed from the compressor, this
may represent energy loss for the proposed hydrate-based
process for juice concentration. Thermodynamically, this
temperature effect may be attributed to the solubility of CO2
in water, which is an important parameter. It is reported in the
literature that the solubility of CO2 increases with a decrease in
system temperature. These results were expected since the set
temperature is low, resulting in higher solubility of CO2 and,
theoretically, a higher crystal growth rate.

Conversely, clathrate hydrate was formed very fast under
higher initial conditions. As a result, a small amount
(approximately equal to zero) of CO2 gas was consumed
during the hydrate formation process. At this moment, when
the driving force is null, the system is near equilibrium, no
further gas is consumed (constant pressure and temperature),
and the clathrate hydrate formation process is considered
complete. This observed behavior may be attributed to various
aspects, including the driving force and higher vapor−hydrate
interface area. The equilibrium pressure is small at a high
driving force (i.e., initial pressure or degree of subcooling). At
the higher vapor−hydrate interface, most CO2 is transferred
directly into the hydrate phase while minimizing CO2 gas
dissolving in the liquid phase, reducing the gas path to cages.

Experiments revealed that pure juice’s presence in all
systems presented the lowest CO2 consumption, while those
with added water showed the highest consumption due to the
increased amount of free water that makes hydrate cages. For
the pure juice system, it was observed that the supersaturation
degree was small. As a result, the moles of CO2 consumed are
reduced due to less-encapsulating CO2 molecules into hydrate
cavities. This hypothesis may be related to the relatively high
induction time presented by these inhibiting effects in the
experiments. In terms of gas consumption rate efficiency for
CO2, this indicates that the CO2 + bitter melon system could
be more appropriate for this proposed hydrate-based process
for juice concentration. The second best and lowest results
were obtained for the CO2 + pineapple system and the CO2 +
grape system.

However, juice systems that presented the small values of
CO2 gas consumption indicate strong inhibiting effects
preventing the CO2 gas from occupying the cages in the
hydrate structure. This study claimed that the observed
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reduction in the number of moles of carbon dioxide gas
consumed is due to hydrophilic properties exhibited by juice
residuals, meaning that they interact with water molecules via
hydrogen bonds. These interactions distort the continuity of
water clusters. Therefore, as the number of residuals increases,
this increases the number of bonds with water, which reduces
the amount of free water that makes hydrate cages leading to
reduced gas consumption. As reported in the literature, an
increase in water cuts is expected to increase the contact area
between water and gas. According to Figures S4 and S6
(Supplementary Material), gas consumption increases with
water cuts.

Conversely, there is no observed remarkable increase with
the increase in water addition. It can be seen that at higher
water cuts of juice, higher initial conditions are required for
CO2 hydrate formation. The increase in residual contents
resulted in lower CO2 consumption, indicating an inhibitory
effect of residual contents in investigated juices. As the author
varied the juice water cut, it could be concluded that the
residual contents, which seem to confirm the hypothesis of
juice residuals in inhibiting the hydrate formation, played a
crucial role.

5.2.3. Conversion of Water to Hydrates at Different Juice
Water Cuts. The effect of varying different initial conditions on
the water conversion into hydrates was investigated. Water-to-
hydrate conversion as a suitable kinetic parameter was used
and is calculated based on the kinetic model proposed by
Englezos et al.38 This kinetic constant is an important
parameter affecting the removal efficiency and water recovery.
It is important to consider the water because a significant
amount of water may remain available at the end of a hydrate
formation experiment. This may hinder the commercialization
due to increased energy requirements where multiple
crystallizers may be required to convert most water to hydrates
from the juice. In Tables 3−5, the percentages of water-to-

hydrate conversion values for studied systems are reported, and
Figures S7−S9 (Supplementary Material) compare these data.

The percentage conversion of water to hydrates was
calculated assuming a hydration number of 6.0 for all studied
systems. These obtained results demonstrate that the final
amount of water converted to hydrates increased as the initial
pressure was increased. As shown in Tables 3−5, a similar
trend was obtained when decreasing the initial temperature.
This indicates that the initial pressure and temperature
significantly affect water-to-hydrate conversion. It is expected
that an increase and decrease in initial pressure and
temperature enable more water to be converted into hydrates.
This is due to an increased subcooling temperature. As with
the gas consumption results, the highest conversion of water to
hydrates was found in the CO2 + pineapple system, and the
lowest was found in the CO2 + grape system. An increase in
juice residuals decreases the water-to-hydrate conversion in all
different initial conditions for studied systems.

Meanwhile, the addition of water shows a slight increase in
the values of water-to-hydrate conversion. There were several
small temperature spikes observed due to hydrate formation.
This resulted in increased gas consumption and subsequently
led to a higher percentage of water converted to hydrates. The
same trend was observed in all other hydrate formation
experiments.

5.2.4. Apparent Rate Constant at Different Water Cuts. It
was necessary to compare the nucleate growth rates of hydrates
under different experimental conditions. The apparent rate
constant (Kapp) as a suitable kinetic parameter for comparison
was used and determined based on the kinetic model proposed
by Englezos et al.38 The calculated apparent rate constants
under different hydrate conditions were summarized and are
listed in Tables 3−5 and shown in Figures S10−S12
(Supplementary Material). As described in the previous
section, dissolved solids’ combined effects reduce mass transfer
and gas consumption rates. As a result, it is expected that mass

Table 6. Comparison of the Apparent Rate Constants Derived in This Study with the Literature in Different Juice Systems at T
= 275.15 K and Varying Initial Pressures

CO2 + bitter melona CO2 + pineapplea CO2 + grapea

WCb (wt %) P (MPa) Kapp × 109 WCb (wt %) P (MPa) Kapp × 109 WCb (wt %) P (MPa) Kapp × 109

96.5 3.1131 17.7 91.1 3.5764 17.8 88.5 2.969 12.6
3.5063 20.1 3.8021 19.0 3.5651 16.3
4.0739 23.6 4.1672 20.9 3.6282 16.7

97.4 2.8968 17.4 93.3 2.9725 15.2 3.8767 18.3
3.3897 20.5 3.4297 17.7 3.9391 18.7
3.908 23.9 3.6157 18.7 91.4 3.0795 14.7

3.4774 17.4
3.5146 17.7
3.5451 18.0

CO2 + orangec CO2 + tomatod

WCb (wt %) P (MPa) Kapp × 109 WCb (wt %) P (MPa) Kapp × 109

87.7 1.96 6.70 94.4 1.81 9.40
2.7 9.70 2.4 13.6
3.2 13.4 3.1 16.5
3.72 16.2 3.46 18.2
4.1 19.1 3.95 20.1

aThis study bWater content. cLiterature.21 dLiterature.24
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and heat transfer rates start to decrease during the hydrate
growth stage, which leads to a decrease in the hydrate growth
rate. It was observed that at the beginning of the hydrate
growth stage, the driving force is maximal, and there are large
numbers of stable nuclei due to the presence of dissolved solids
of many stable hydrate nuclei. Thus, the apparent rate constant
at the beginning of hydrate growth increases and decreases
with nuclei’ growth. This can be attributed to the exothermic
nature of hydrate crystal growth and the reduction of a driving
force.

As can be seen, the apparent rate constant increases with the
increase in initial conditions (i.e., subcooling). The results
indicated that the apparent rate constant increases with the
decreasing system temperature. This observed behavior
indicates that the system temperature significantly affects this
kinetic parameter. Moreover, this demonstrates that better heat
transfer benefits the hydrate formation’s apparent rate constant
under well-mixed conditions. As can be seen, the increase in
juice residuals leads to a decrease in the apparent rate constant
of CO2 hydrate growth considerably. This can be attributed to
more stable nuclei at the beginning of the hydrate growth stage
due to more dissolved solids. Residual solids prohibited
hydrate growth, resulting in reduced the apparent rate
constant. They are responsible for enhancing the mass transfer
by increasing the interfacial tension between the liquid and
hydrate phases. The highest apparent rate constant was
detected for bitter melon juice under different initial
conditions.

5.2.5. Storage Capacity at Different Water Cuts. The
storage capacity under different conditions is listed in Tables
3−5 and plotted in Figures S13−S15 (Supplementary
Material), allowing easier visualization. As seen in the figures,
increasing the initial pressure increases the storage capacity.
However, a reverse effect on the storage capacity was observed
when the initial temperature was increased from 274.15 to
276.15 K. The behavior shown by these initial conditions
signifies that the volume of the stored gas in the hydrate lattice
increases with an increase of subcooling, increasing storage
capacity.
5.3. Comparison on kapp. In an attempt to concentrate

juice systems using CO2 hydrates, Li et al.21,24 examined the
apparent rate constant. In order to validate results obtained
with new systems, kapp data were compared with literature data
derived from kinetic modeling. A comparison of kapp data
obtained in this study with those measured in the literature21,24

is presented in Table 6. In addition, Figure S16 illustrates the
visual appearance of the same data for the CO2-based gas
hydrate former in different juice systems at T = 275.15 K and
varying initial pressures. As seen in Figure S16, a comparison
of the trends as expected reveals that higher water cuts lead to
the highest apparent rate constant of hydrate growth. It is
evident from the observed behavior that one or more
compound/s from dissolved solids plays the most critical
role in influencing inhibitory effects. Due to agitation,
increased thermal conductivity, higher concentrations, and
reduced heat and mass transfer resistance may better explain
these observed behaviors.52−54 Moreover, the trends for
systems investigated in this study are similar to those reported
in the literature.21,24 The result of high concentrations causes
the nuclei to form unstable hydrates at the end of nucleation,
and at the beginning of the hydrate growth stage, fewer
hydrates can be formed with faster growth rates. In this

context, it may be due to fewer nucleation sites, whereas the
dissolved solids delay the hydrate formation process.

6. CONCLUSIONS
In this work, the experimental kinetic data of CO2 hydrate
formation in the presence of bitter melon, grape, and pineapple
juice were studied to assess the effect of initial conditions on
kinetic parameters. The change of initial conditions produced
similar effects in all investigated systems. In the light of
experimental data obtained in this study, the nature and the
composition of constituents and initial conditions (i.e.,
pressure, temperature, and water cut) emerged as the major
factors determining the induction time associated with hydrate
formation. Short induction times corresponded to increased
subcooling, which initiated CO2 hydrate formation within the
metastable region of CO2 hydrates. At the higher initial
pressures and lower temperatures, the reduction in the onset
time of diluted juices systems was much more rapid than that
of pure juice.

The overall CO2 hydrate growth time was increased with
increasing juice residuals. It was found that water cuts
improved the energy required to form CO2 gas hydrates.
The hydrates formed rapidly under a higher initial condition at
all water cuts. As the inhibition effects of investigated systems
were weakened, it was observed that CO2 hydrates formed
faster even at higher temperatures. The initial conditions had a
significant effect on the kinetic parameters. The amount of
CO2 consumed in the hydrate phase and the growth rate
increase with pressure and decrease after reaching a maximum.

From results reported in this study, it can be concluded that
a multistage hydrate formation might be used to commercialize
the hydrate-based technology for juice concentration. Process-
ing juice with low initial concentration will lead to a more
energy efficient and economic concentration process by gas
hydrate formation. The nucleation phenomenon of the hydrate
phase and its stochastic nature is often cited as a drawback for
the industrial application of the hydrate-based process. As each
new crystallization step occurs, the liquid phase will need to be
recycled so that the memory effect might solve this problem.
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